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ABSTRACT

Large-molecule antibody biologics have revolutionized medicine owing to their superior target specifi-
city, pharmacokinetic and pharmacodynamic properties, safety and toxicity profiles, and amenability to
versatile engineering. In this review, we focus on preclinical antibody developability, including its
definition, scope, and key activities from hit to lead optimization and selection. This includes generation,
computational and in silico approaches, molecular engineering, production, analytical and biophysical
characterization, stability and forced degradation studies, and process and formulation assessments.
More recently, it is apparent these activities not only affect lead selection and manufacturability, but
ultimately correlate with clinical progression and success. Emerging developability workflows and
strategies are explored as part of a blueprint for developability success that includes an overview of
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the four major molecular properties that affect all developability outcomes: 1) conformational, 2) che-
mical, 3) colloidal, and 4) other interactions. We also examine risk assessment and mitigation strategies
that increase the likelihood of success for moving the right candidate into the clinic.

Introduction

The discovery and development of biologicals, especially anti-
bodies and engineered antibody modalities, has expanded in
recent decades to the point where more than 100 antibody
biologics are marketed and approximately 1000 investigational
molecules are currently in the clinic globally. " * Therapeutic
indications successfully targeted by protein and antibody ther-
apeutics span immuno-oncology, cardiovascular, infectious
and auto-immune diseases, as well as neurodegenerative
indications.” Moreover, antibodies are amenable to engineer-
ing to enhance versatility and produce an extraordinarily
diverse range of characteristics, including multi-specific
targeting,” enhanced or decreased effector function,™® and
increased half-life.”* Monoclonal antibodies can be designed
to increase target binding and to enhance developability char-
acteristics via selection technologies, screening and
engineering.”'® Successful developability is critical to lead
optimization and selection and to ensure robust processing,''
stability,'>™'* delivery,"” administration,'® pharmacokinetics
(PK)/bioavailability,'” safety,'® and it is associated with clinical
success rates.'’

Following antibody generation and hit screening, key pre-
clinical developability activities encompass molecular engi-
neering, computational and in silico evaluations, production,
analytical and biophysical characterization, stability and
forced degradation studies, and process and formulation
assessments. We also discuss the appropriate analytical meth-
ods and when to use them. Common issues and risks encoun-
tered during developability assessments, such as aggregation,
self-interaction, hydrophobicity, deamidation and oxidation,
are explored. Several non-developability activities are critical

to large-molecule discovery and development, such as the
development of functional bioassays, biomarker develop-
ment, PK/pharmacodynamic studies, and in vivo efficacy
that may affect lead selection. However, these activities are
not the focus of this review. Here, we define developability
attributes as anything related to or impacted by the inherent
properties of a molecule, distinguished from effects resulting
from target biology and mechanism of action, which affect
lead selection, development, and even safety and efficacy. The
molecular properties that impact all developability attributes
and outcomes are herein organized into four major cate-
gories: 1) conformational, 2) chemical, 3) colloidal, and 4)
other interactions. These molecular categories or properties
are defined along with relevant developability attributes, the
analytical methods used to interrogate them, and examples of
key criteria. It is more recently apparent that these attributes
not only affect Chemistry, Manufacturing, and Controls
(CMC) attributes and outcomes,” but also post-
administration phenomena.'” We also examine developabil-
ity risk assessment and mitigation strategies, which are
unique to each molecule and are influenced by the nature
and number of liabilities and potential mitigations. Overall,
this review focuses on large-molecule or protein developabil-
ity, applied particularly to liquid formulated monoclonal
antibodies (mAbs) and engineered versions thereof, the pre-
vailing large molecule of choice for therapeutic indications.
Although other modalities combining small molecules, such
as antibody-drug conjugates (ADCs) and/or protein-
oligonucleotide conjugates, potentially offer additional ther-
apeutic benefits as well as developability and development
challenges, they are outside the scope of this review.
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Antibody generation

Hit to lead
Preclinical developability of therapeutic antibodies includes
initial screening of generated hits using binding and/or activity
assessments.”’ These molecules are then further screened after
transient eukaryotic expression and purification to further
evaluate  relevant  physicochemical  characteristics.”'
A flowchart of key preclinical activities relating to molecular
developability, including hit or antibody generation, is shown
in Figure 1. While antibody generation itself is typically not
considered a core developability activity, it certainly can affect
the resulting range of molecular properties and therefore
developability outcomes.'>** When performing developability
assessments, it is important to consider the method of genera-
tion used, whether it is mouse immunization (followed by
hybridoma screening), phage or yeast display technologies, or
synthetic libraries. Different selection technologies may yield
different outcomes in terms of antibody properties. For
instance, phage display generation can increase the likelihood
for developability issues such as reduced solubility,** increased
hydrophobicity,”*** and increased non-specificity leading to
poor half-life.”* These outcomes may result from multiple
rounds of phage selection, which are done to yield high affinity
molecules but may also build up excessive charge or hydro-
phobicity in the complementarity-determining regions
(CDRs), leading to worse developability outcomes.*® Further,
nonspecific binding is not as significant a selection pressure in
phage display as it may be in animal immunization
approaches, where in the latter, generated antibodies are dese-
lected for autoimmunity.® To compensate for this lack of
natural selection, hydrophobic CDRs may be manually dese-
lected in the phage display screening process®” or additional
selection measures can be taken to screen out unfolded or
unstable variable domains.*®

Likewise, yeast display affinity maturation typically
increases hydrophobicity, aggregation rates, and self-
interaction propensity,'® as binding is iteratively maximized
like in phage display. However, a major advantage of using
yeast display is the presence of the eukaryotic protein produc-
tion machinery required to maintain post-translational
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modifications.”® Further, strategies exist to select for increased
thermal stability of yeast display variants.”® To increase candi-
date diversity, multiple hit generation campaigns may be
undertaken, as one approach may generate high redundancy
in terms of binding, sequence, and developability profiles.*”'
Ideally, antibodies with a diverse range of binding affinities
and antigen epitopes should be generated to maximize the
likelihood that a differentiating antibody with desirable effi-
cacy, safety, and mechanism of action will be obtained.
Further, from such a diverse pool of antibodies, those with
favorable developability profiles can be selected and/or further
optimized. Species cross-reactivity of antibody candidates is
also an important consideration, and separate generation cam-
paigns may be needed to produce species-specific surrogates
for animal studies, especially for rodents.>?

Antibodies generated by rodent immunization, typically
mouse or rat, necessitates up front engineering and humaniza-
tion, which will greatly expand the initial number of candi-
dates to screen and characterize. In general, humanization of
antibodies presents challenges, such as additional and time-
consuming in vitro screening of variants and increased immu-
nogenicity risks.”> Humanization against consensus human
germlines in parallel to correcting primary liabilities in silico
is recommended to avoid severe liabilities later that will
require correction and therefore delay selection efforts.**
Primary liabilities are considered potentially severe chemical
or physicochemical liabilities. Primary liability factors include
the location, in particular whether the liability resides in the
variable framework or more concerningly in the variable CDR
regions, and potential severity, where process and formulation
measures are unlikely to acceptably mitigate the risk, degrada-
tion will be significant post-administration, and/or there are
significant effects on activity and/or function. Problematic
primary sequence motifs, specifically those containing free
cysteines, consensus asparagine glycosylation sites (Asn or
N followed by XS/T) other than conserved N297 glycosylation,
and NG deamidation motifs, should be initially deselected or
corrected in silico."* This is especially true if the location of the
potential modification is in the variable CDR region and is
likely to affect target binding or activity if reactive.”> Although
evaluating both humanization variants and chemical liability
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Figure 1. Diagram highlighting various discovery and early development stages for large-molecule therapeutic antibody developability. Later-stage CMC development

key deliverables are also listed.



correction variants further expands initial screening efforts,
more developable candidates with decreased immunogenicity
and fewer liabilities may be later revealed. The number of early
candidates to evaluate is further increased if multispecific for-
matting is required, where usually the monospecific, bivalent
antibodies are screened first, followed by rounds of multispe-
cific formatting and customization.”® The desired or available
format, e.g., antigen binding fragment (Fab), single-chain vari-
able fragment (scFv), or variable heavy-chain antibody frag-
ment (Vygy) derived from llama immunization, is also an
important consideration. A plethora of other multispecific
formats also exist.’® Such a large toolbox of antibody modal-
ities, in addition to how they can be asymmetrically arranged
into multispecifics, can indeed create large numbers of con-
structs to evaluate. In practice, the developability screening
funnel can expand and contract from hit to lead optimization
and selection, as shown in Figure 2. To reduce the overall
number of antibody variants to screen, immunization against
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a transgenic, humanized animal, such as Trianni mice, can
generate fully human antibodies and bypass the need for
in vitro humanization.”” However, a sizable investment in
this generation technology is required and fully human
mAbs may be generated by other technologies, such as phage
display and single human B cell cloning.®® Various isotypes,
usually IgG1 or IgG4, or modulated effector function variants
thereof, can also be evaluated depending on the desired effec-
tor function and mechanism of action.>

Lead optimization and selection
Candidate screening

Regardless of the number of generation methods and leads,
molecules first and foremost need to be acceptably expressed
and have acceptable purity characteristics following affinity
capture. A basic workflow to screen molecules typically begins
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Figure 2. Diagram depicting a hypothetical scenario of various discovery stages of antibody discovery and developability activities. Ultimately, potentially hundreds or
thousands of candidates funnel down to relatively few select, favorable candidates. However, along the way, the selection funnel can expand and contract as additional
variants, constructs, liability corrections or multispecific scaffolds are created from previously selected candidates in an iterative manner. On the left (black font) are
developability activities such as screening, engineering, and selection, which may increase the number of candidates from a preferred subset like in the case of creating
humanization or correction variants. On the right (green font) are the developability analytics and assessments employed, which are divided into Tiers. In this example,
initial hits are screened to yield a more favorable subset based on limited analytics that include high-throughput binding/activity, purity, Tm/Tagg, and in silico
assessments (Tier 1 assays). To funnel to fewer candidates, extended characterization assays should be employed that include clEF, HIC, DSC and self-interaction (by
kDiff and/or AC-SINS depending on throughput needs and material availability), a short, single timepoint, accelerated stability hold to evaluate integrity, particle
analysis if available, and non-specificity assays (Tier 2 assays). Subsequently, a full developability assessment is ultimately employed that includes forced degradation,
a full purification process, and formulation stability assessments (Tier 3). It should be noted that when variants are created from previous ones (such as humanization,
formatting, or correction), or even new lots are tested, the previous-stage analytics, or Tiers, should be repeated so that a complete characterization set (Tiers 1-3) is
obtained for any potential lead. For each stage, protein material amounts are proposed, but can vary depending on sample preparation and analytical sample needs.
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with hybridoma expression followed by Protein A (ProA) cap-
ture, where binding characteristics are primarily evaluated
along with limited purity and analytical testing on less than
one milligram (mg) of material.** More viable candidates,
perhaps on the scale of 10s to 100s, can then be moved forward
into transient Chinese hamster ovary (CHO) expression to
produce mg quantities followed by ProA capture and screen-
ing by high throughput “Tier 1” assays (Figure 2). These
include size exclusion high or ultra-performance liquid chro-
matography (SE-HPLC/UPLC), capillary sodium dodecyl sul-
fate electrophoresis (cSDS), binding/activity by surface
plasmon resonance (SPR), and temperature-dependent melt-
ing and aggregation (Tm/Tagg) assessments. While expression
and purification can typically be optimized later in CMC
development, issues in initial purity and heterogeneity of tran-
siently expressed and purified material can signal an unstable
or poorly folded molecule.*** Initial purity and heterogeneity
assessments on transient leads are vital to identify potential
issues, such as aggregation and clipping propensity that occur
during expression and/or affinity purification, early in the
discovery process. SE-HPLC or UPLC is recommended to
initially evaluate aggregation, which is a CMC release and
stability quality attribute and can result in immunogenicity
or decreased efficacy after administration.*> Online static
(multi-angle) light scattering coupled to analytical SEC (or
SEC-MALS) can further characterize or confirm the nature
of protein aggregate.** While this is done on unstressed mole-
cules, they may be prone to aggregation in the culture super-
natant prior to affinity capture or during the low pH ProA
elution step.*> Antibody main-chain clipping can be directly
assessed by denaturing reduced-cSDS and domain dissociation
directly by non-reduced ¢SDS, which are CMC critical purity
and quality attributes.*® Clipping can be acid or base catalyzed
or enzymatic in nature,”” while antibody domain dissociation
typically arises from unformed or broken interdomain
disulfides.*® Additionally, the presence of clipped products
can lead to aggregation and particle formation downstream,
which not only affect drug product attributes, but potentially
safety and efficacy.””*® Other common expression impurities
elucidated by cSDS are heavy-chain dimers formed during
expression or from degradative loss of light chain (LC).>"*
cSDS can also elucidate and quantify homodimers and mis-
matched impurities in the case of multispecific expression.”
To further refine candidates, it is recommended to also screen
temperature-dependent unfolding (Tm), which is often
accompanied by complementary temperature-dependent
aggregation (Tagg).”* While aggregation propensity at lower
process and storage relevant temperatures may or may not be
reflected by higher-temperature, kinetics-driven unfolding,
there may be a correlation and there are proposed guidelines
in selecting a candidate.” This is because aggregation in solu-
tion is a complex phenomenon that is not solely predicted by
kinetic Tm measurements.**>® In vitro binding by SPR or cell-
based assays should be conducted on these initially expressed
leads or on a preferred subset to verify binding or activity
properties, and it should be assumed that various impurity
attributes, such as aggregation and clipping, can affect binding
or activity.'” Once desirable candidates are selected, their
identity should be confirmed by intact mass spectrometry

(MS) prior to launching a cascade of engineering and format-
ting, downstream expression, purification, extended character-
ization, and formulation and stability studies.

Additional or extended characterization

Prior to selecting final candidates, additional characterization is
warranted to maximize the probability of selecting good candi-
dates with desirable quality and developability profiles. It is also
critical to factor in non-developability work, such as in vitro
functional assays and/or animal model studies, throughout the
process. It is important to balance functional properties with
developability attributes because changing one property, such as
affinity, may affect another, such as stability, and vice versa.”’
Commonly, various lead molecules and their variants may be
similar in terms of target binding affinity and epitopes, as well as
their functional assay outputs. This is particularly true for
humanization variants with similar sequences, and multispecific
constructs, where similar binding arms are shared, but con-
structs may vary in linker length, orientation, or format (such
as Fab versus scFv). In these cases, additional developability
characterization offers an excellent opportunity to further dif-
ferentiate these molecules based on their physicochemical prop-
erties. This may be done on a few to dozens of leads, depending
on the generation campaign and whether humanization, liability
correction and/or multi-specific formatting is required.
A comprehensive summary of the extended characterization
developability assays, the attributes they measure, and their
justification is provided in Table 1. Further, these assays are
also depicted in a hypothetical developability workflow diagram
shown in Figure 2 as “Tier 2” assays, which include tempera-
ture-dependent unfolding (Tm), preferably by calorimetry, iso-
electric point (pI) and charge heterogeneity, hydrophobicity,
self-interaction, sub-visible particle evaluation, and polyspecifi-
city or nonspecific interactions. A short stability hold to evaluate
integrity is also included as a Tier 2 activity.

Temperature-dependent unfolding

To further evaluate conformational stability, differential
scanning calorimetry (DSC) may be used as the gold stan-
dard to accurately measure melting temperature (Tm) onset
and transitions.”® A suitably high Tm may indicate good or
acceptable conformational stability at lower temperatures.®
Preferably, the Tm onset of an antibody therapeutic is
>50°C, well above the standard accelerated storage tempera-
ture of 40°C, as well as physiological temperatures.’
Therefore, the molecule of interest can be expected to be
conformationally intact in physiological conditions and sub-
jected to accelerated stress without the confounding effects
of excessive temperature-dependent unfolding. As afore-
mentioned, Tm may also correlate to aggregation and even
particulate formation propensity in process conditions, on
formulated stability, or when subjected to various forced
degradation conditions.”® However, this is not necessarily
the case, and therefore other properties should be also
weighed alongside Tm when attempting to differentiate
candidates.*’



MABS (&) 5

Table 1. Core developability analytical methods, the attributes they describe, and their justification. Many assays describe basic molecular properties, but also are drug

product CQAs.

Method Attributes

Justification

SE-HPLC/UPLC Purity, Aggregate (HMW),

fragmentation or dissociation

(LMW)

Purity, fragmentation, or
dissociation (LMW)

pl, charge heterogeneity

¢SDS (NR- and Red-)
clEF

Calorimetry (DSC), Fluorescence (intrinsic or

extrinsic) coupled to light scattering (DLS or SLS) temperature gradient)

HIC hydrophobicity, heterogeneity
DLS and SLS kDiff (mL/g), Rh (nm), B22
Viscosity Dynamic viscosity (cP)
Particles Particle size, count

Intact Mass Spectrometry Identity, impurity detection,
heterogeneity

Peptide Mass Spectrometry

chemical modifications
Glycan analysis

core)
Binding/Activity (SPR or cell-based) Binding, Activity
PSR, BvP, CIC binding

Tm/Tagg transition and onsets (with

Mapping and quantification of

Glycosylation characterization (Fc

Polyspecificity and nonspecific

DP release and stability CQA (purity), immunogenicity, may lead to
particle formation

DP release and stability CQA (purity), clipped species may lead to
aggregates/particles

DP release and stability CQA, platform process and formulation fit (pl),
PK/bioavailability impact

Determine if thermally stable, degree of aggregation upon unfolding,
may correlate to aggregation rates on stability or in-process

May correlate to aggregation, nonspecific binding, and/or self-
interaction

Degree of self-interaction. Usually correlates to viscosity at higher
concentrations

Impact to process, injectability, liquid formulation behavior

DP release and stability CQA, immunogenicity

Identity, impurity detection, heterogeneity

DP release and stability CQAs, may impact activity and function
May impact PK, activity and function

DP release and stability CQA, activity and potency
Indicates stickiness, may impact bioavailability and PK

binding, Cross-interaction metrics

Isoelectric point

Characterization of the charge heterogeneity, typically by capil-
lary isoelectric focusing (cIEF), is critical to verify the pI is
acceptable and will fit platform purification and formulation
efforts. Antibodies commonly have basic pls, which lead to
favorable colloidal stability in acidic formulations due to inher-
ent charge repulsions between molecules.®” However, an anti-
body with an excessively low pI may be difficult to purify from
similarly charged host-cell proteins (HCPs),*" as well as formu-
late at a low, representative formulation pH that balances con-
formational, colloidal, and chemical stability,”* which typically
is approximately pH 6 for commercial mAbs.®>®* Furthermore,
differences in charge heterogeneity have been associated with
differences in neonatal receptor (FcRn)-dependent PK half-life
and efficacy.** Excessively high pls have been associated with
poor non-FcRn-dependent PK and bioavailability outcomes,*®
and further reducing the pI through selective engineering of the
variable framework or CDR regions improved half-life in cer-
tain cases.'”®> Similarly, excessive variable domain charge has
correlated to fast clearance in mice, cynomolgus monkeys, and
humans.®”*® Since high pI antibodies in formulation typically
exhibit excellent colloidal properties while also presenting a PK
risk via charge-mediated nonspecific binding and clearance,
colloidal properties versus tissue distribution and PK risk
should be balanced when nominating a lead candidate, and
low pIs that can challenge purification and formulation activ-
ities should be avoided. Therefore, a pI in the range of 7-9 is
appropriate for antibody-based therapeutics.*’

Hydrophobicity and self-interaction

Hydrophobic interaction chromatography (HIC) is a common
approach to evaluate the hydrophobicity and heterogeneity of
a lead molecule. Highly hydrophobic molecules may have an
increased propensity to aggregate,”’ nonspecifically interact

with other surfaces or molecules,”! or self-interact.”? In parti-
cular, hydrophobic patches in the variable domain CDRs of an
antibody can manifest in negative developability outcomes. As
part of additional characterization, the self-interaction of
a molecule, or colloidal stability, should be assessed. Self-
interaction can lead to high viscosities, particularly for bivalent
antibodies, that impair process steps such as pumping, filling,
and filtering as well as injectability, particularly for subcuta-
neous injectables.””> Typical approaches to evaluate self-
interaction at small or medium scale (1-2mg) involve the
use of dynamic light scattering (DLS) to measure hydrody-
namic radius (Ry) and the diffusion interaction parameter
(kDy).”* Like DLS, static light scattering (SLS) approaches
may be used to obtain the second virial coefficient (By,),
another indicator of self-interaction propensity.”> The mea-
surement of zeta potential, or total surface charge, also is an
option to characterize potential self-interaction.*” At very
small microgram (pug) scales, high-throughput self-interaction
assessments have been successful using affinity capture self-
interaction nanoparticle spectroscopy (AC-SINS), an anti-
body-conjugated gold nanoparticle-based assay that reveals
self-interaction from UV absorption shifts.”>”” Other nano-
particle-based assays have also been reported to predict
viscosity.”® With larger material availability, (dynamic) viscos-
ity can be directly assessed at higher protein concentrations
(100 mg/ml or higher) to determine if self-interaction is
significant.”

Integrity and targeted forced degradation

How the molecule will maintain integrity during process and
storage can be assessed during early screening, which typically
involve small-scale efforts with limited amounts of material, by
conducting a short, accelerated stability hold at low concen-
tration (1-2 mg/ml), such as holding the sample at 40-50°C for
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one week in a representative formulation.”’ Analytical SEC
and ¢SDS should be used to evaluate basic integrity character-
istics such as aggregation and clipping. Further, if in silico
predictions show primary chemical liabilities that may be
potentially hot, they can be evaluated in a targeted fashion by
forced degradation prior to a formal stability and forced degra-
dation assessment. For example, if primary sequence evalua-
tion of the CDRs revealed a N-deamidation motif, such as NS,
the molecule could be subjected to high pH stress prior to
a more comprehensive assessment that would require more
time, material, and a separate scale-up expression. Various
other chemical liabilities can also be informed by an in silico
sequence or homology model evaluation, and many are listed
in Table 2.

Particles

Visible and sub-visible (protein) particle analyses are also
critical endeavors in CMC development, and, like aggregation,
is a biologics critical quality attribute (CQA) and may lead to
unwanted immunogenicity.'®®" Therefore, evaluation of par-
ticle formation prior to lead selection on unstressed and
stressed samples is valuable. Typical approaches to character-
ize and quantify sub-visible protein particulates use light
obscuration, flow imaging and more recently membrane-
based technologies.*>* However, particle formation is highly
process and formulation dependent, and so its evaluation prior
to defined, scaled-up downstream process, fill-finish, and for-
mulation activities has limitations.** Specifically, shear, pump-
ing, mixing, and shaking stresses encountered during
manufacture are difficult to mimic prior to downstream pro-
cess development. Furthermore, the addition of polysorbate
(PS)-20 or PS-80 is mainly assessed during early CMC activ-
ities and is used to prevent aggregation and particle formation

incurred from process- and shipping-related mechanical and
agitation stresses.” In essence, particle analysis may be useful
in differentiating lead candidates prior to lead selection and
CMC entry, but not in assessing absolute particle counts when
final process and formulation variables are unclear. If particle
analysis is not obtainable, a simple absorbance-based turbidity
assay can serve as a less sensitive surrogate to monitor particle
formation.*® Furthermore, earlier evaluation of soluble aggre-
gation rates on thermally stressed samples by SE-UPLC or
unfolding propensity by DSC in various formulations may
correlate to particle formation propensity for certain therapeu-
tic antibodies.™

Polyspecificity or non-specificity

Lastly, evaluation of stickiness or the propensity of a molecule
to interact with process components, formulation excipients,
or other biomolecules in vivo, which may affect PK and bioa-
vailability, is of high value. How a molecule may nonspecifi-
cally bind to other molecules can be evaluated by
polyspecificity reagent (PSR) and baculovirus particle (BvP)
assays and cross-interaction chromatography (CIC)."
Notably, favorable PSR and BvP properties on clinical-stage
antibodies have correlated with clinical stage progression.'
Along these lines, it is also appropriate to perform a short-
term integrity or biomatrix ex vivo stability study on the lead
molecule in human serum prior to toxicology and Phase 1
studies.””

Additional characterization

Additional characterization of unstressed leads may also be
warranted and of value, such as measuring concentratability (to
150 mg/ml and above), viscosity in various formulation pHs and

Table 2. Common developability liability risks, conditions for their evaluation and likely occurrence, and mitigation strategies.

Common sequence Forced degradation/

Type motifs/characteristics conditions Common occurrence Routes of mitigation

Deamidation NG, NN, NS, NT Neutral/high pH, phosphate  Cell culture conditions, physiological Corrective engineering, partial mitigation with low
(Asn) buffer pH/temp, higher pH formulations formulation pH

Isomerization DG, DS Low pH Low pH conditions, formulations Adjust formulation pH, corrective engineering
(Asp)’®

Glycation (non- K
enzymatic)®°

Reducing sugars at higher
temperatures (glucose,
fructose)

Light, chemical oxidizers
(H202, tBHP, AAPH)

Trp/Met M, W

oxidation

NXS/T motif, non-
consensus

Structural, charge/
hydrophobic
patches

Structural,
aggregation-prone
motifs

Asp-Pro motif, non-
consensus,
enzymatic

Excess Glu/Asp or Lys/ N/A

N-glycosylation None

Self-interaction Concentration dependent

Aggregation Thermal, storage, low/high pH
Clipping Low/high pH, thermal

low/high pl

Cell culture conditions, physiological
pH/temp

Light, metals, polysorbate
degradation, storage, thermal
stress

Cell culture conditions

Higher concentrations

Cell Culture, process (low pH or pH
adjustment), storage,
administration

Cell Culture, process (low pH), HCP
contamination, storage

Inherent molecular property (outside

Corrective engineering

Corrective engineering, formulate with
antioxidants, amber vials, eliminate stainless
steel in process

Corrective engineering, purification removal

Viscosity modifiers, optimize pH
Optimize pH and formulation, stabilizers, removal
by purification

Corrective engineering, removal by purification,
removal of proteolytic HCPs, formulation pH

Corrective pl variants, isotype switching

Arg 7-9 range)




concentrations, polyethylene glycol (PEG) solubility in various
formulation pH conditions, and DLS interaction parameters in
various formulation conditions.***® This is especially critical if
the clinical or commercial target product profile (TPP) warrants
a high concentration formulation to support high dosing or
subcutaneous injection by pre-filled syringe,” since these addi-
tional activities aim to characterize highly concentration-
dependent antibody or protein behavior. Additionally, free
thiol content can be measured by reverse phase chromatography,
fluorescent-based quantification or MS, particularly for certain
multispecifics such as Duobodies, to determine if disulfides are
properly formed during assembly or to investigate stability issues
that may arise from broken disulfides.”>”"

Final lead selection and CMC entry

To confirm a final lead candidate for investigational new drug
(IND)-enabling studies, the molecule should be amenable to
platform purification and formulation approaches and have
acceptable stability and forced degradation attributes. This is
highlighted in Figure 2 as “Tier 3” activities. Proper assessment
and mitigation of significant developability issues and liabilities
helps to ensure control of the process, product quality, clinical
supply, and lot comparability throughout years of clinical devel-
opment. TPP needs and requirements should also be considered
to accommodate special circumstances, such as high concentra-
tion formulations or alternative drug product presentations.

Purification process

Lead molecules should express acceptably well and ideally be
amenable to a platform-based purification strategy.”> While
a final lead may be selected based on transiently expressed
material, material from stable cell-lines may express at higher
purity and yield and have more representative core glycosyla-
tion profiles.”” A final lead should have acceptable yield and
purity following all platform purification steps, such as ProA
affinity, low pH inactivation, anion-exchange (AEX) flow
through, and cation-exchange (CEX) bind and elute
processes.”* Mixed-modal ion exchange resins are also often
used during polishing. If issues arise requiring process
improvements such as low yield and/or purity, this can affect
lead selection or necessitate reengineering of the molecule. If
process mitigation strategies are pursued, ideally the mitiga-
tion is straightforward and amenable to manufacture. An
example would be the simple addition of a stabilizer to
a process step, such as pH adjustment, to prevent aggregation
or particle formation.”

Stability and forced degradation

A short-term accelerated stability study, usually performed at
40°C up to one month at higher protein concentrations in
solution, and a forced degradation assessment should be per-
formed to determine if a molecule has acceptable developability
and CMC risk.”® The (accelerated) stability assessment is per-
formed to determine if the molecule has major integrity or
heterogeneity issues, to assess protein concentration-
dependent behavior, especially aggregation, to forecast long-

MABS (&) 7

term stability in a liquid formulation, and to determine if sig-
nificant formulation optimization or mitigation will be
needed.” Because degradation mechanisms may follow
Arrhenius kinetics, this accelerated study may also forecast long-
term normal storage stability and shelf-life.”” However, tem-
perature-dependent phenomena, such as aggregation, may be
complex and not follow Arrhenius kinetics,”® yet accelerating
this process at higher temperatures is necessary to save time in
the discovery stage. Ideally, a platform formulation is assessed
on stability that accommodates toxicology study and Phase 1
dose requirements, can be easily translated downstream and
uses common “generally regarded as safe” (GRAS) excipients
such as histidine and sucrose.®> Sucrose or a similar sugar should
be used to further assist in stabilization, particularly for cryo-
protection and to achieve isotonicity.”” Another advantage of
using sucrose is its amenability to lyophilization if developability
efforts fail to adequately stabilize a molecule in the liquid
state."”” The analytical methods used to assess the integrity
and heterogeneity of these stressed samples should be represen-
tative of standard CMC release and stability assays, such as SE-
HPLC, cSDS, and cIEF.'"" Moreover, peptide mapping MS and
binding assessments should be conducted to determine if site-
specific chemical modifications occur, where they occur, and
their potential effect on binding and activity.'" Therefore, prior
to a more thorough formulation assessment that includes opti-
mization of pH and excipients in a representative container
closure, usually being glass vials or pre-filled syringe (in the
case of direct subcutaneous injection), there is a good under-
standing of potential issues and how process and formulation
efforts can mitigate them. For example, at higher antibody
concentrations self-association can result in high viscosity, lead-
ing to poor process, stability and/or injectability outcomes.” If
self-interaction issues exist, they may be mitigated through for-
mulation efforts by lowering the pH,'%* or using viscosity modi-
fiers such as arginine,'”> NaCl,'™ glycine,”> and more recently,
caffeine.'”

Common forced degradation conditions used to evaluate
chemical stability are low and high pH, physiological pH, and
chemical and/or light stress.'” Evaluating a few formulation
conditions prior to lead selection allows the developability
scientist to better understand formulation and pH dependent
behavior, which can also be leveraged from forced degradation
conditions if the various pHs are evaluated at an accelerated,
fixed temperature. For example, low pH, representative for-
mulation pH, physiological pH, and high pH can all be eval-
uated at 40°C for one week. Therefore, if a chemical liability,
such as clipping, deamidation or isomerization, is observed, its
pH-dependent behavior can be understood from the study
results, further suggesting how the liability could affect pro-
cess, formulation efforts, and post-administration behavior. In
addition, most chemical liabilities are pseudo-first order with
respect to pH or reactant concentration, and therefore their
propensities can be evaluated at lower protein
concentrations.'?”1% Thus, these forced degradation assess-
ments reveal clues about how to mitigate an issue through
formulation pH or whether engineering and/or alternative
molecule selection is required. An example of this approach
is the evaluation of deamidation mechanisms and rates both
experimentally and computationally versus formulation pH.'*
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Corrective engineering

Although not ideal, a full developability assessment on a final
lead, when extensive discovery time and resources have already
been invested, may reveal corrective engineering is necessary if
significant liabilities such as excessively high or low pl, aggre-
gation, deamidation or self-interaction present concerning
risk. In determining the severity of the chemical or physical
liability, one must consider its nature, location, and rate of
degradation. Further, its dependence on pH, temperature, and
antibody concentration are important, and its effect on target
binding and other attributes such as immunogenicity or poor
PK are critical.’® While the nature and number of liabilities
factor heavily into the overall developability risk, the number
and nature of potential routes of mitigation are also important.
One common example is aggregation, which may be corrected
through engineering, but is often improved by purification
removal, modulating the formulation pH, or using stabilizers
such as arginine or sucrose."'’ A summary of major liabilities,
how they commonly occur and potential mitigation strategies
are summarized in Table 2.

One common liability that may require molecular engineering
is Asn deamidation since it is typically pseudo-first order base-
catalyzed and is accelerated at higher pH, including physiological
pH.'*®!"!" Common hot spot motifs are elucidated by primary N,
N + 1 sequence signatures such as NG, NS, NT, and NN.""' The
presence of these primary sequence motifs enables the possibility
of deamidation, and the potential for deamidation is further
enhanced by location in surface-exposed regions, such as CDRs,
and main-chain flexibility and conformation.''> Because deami-
dation is accelerated at higher pH and higher temperatures, it is
normally not a storage issue in low pH, liquid formulations at
lower temperatures.'>”® However, if deamidation occurs, it is
likely unavoidable in physiological cell culture conditions and
post-administration at physiological pH and temperatures,
where it will persist for weeks at high temperature.'”’
Furthermore, deamidation is quite prevalent in proteins and is
one of the more robust chemical degradation mechanisms.”*'"?
Therefore, hot spot deamidation sites should be corrected if
present in variable regions, such as the heavy chain (HC)-
CDR3, which in turn can affect heterogeneity, activity and func-
tion. There are instances where therapeutic molecules have been
opted for correction when rates of 5-10% deamidation per week
at physiological pH and temperature were observed.”* Lower
levels can be monitored moving into development, but likely
can proceed without correction since overall levels are less likely
to reach a significant percentage. If deamidation affects binding or
activity, a key critical attribute, the need for correction increases as
this also increases the criticality. The Asn deamidation site can
also be mutated to Asp, one of the deamidation products, and
evaluated for target binding to determine its effect.''> Moreover,
one can compare mAb variable site deamidation rates determined
by peptide MS to conserved Fc deamidation sites (i.e.,
NGQPENNYK) to determine the accuracy and relative severity
of the deamidation hot spots.'"*

Like deamidation, another common liability is methionine/
tryptophan (Met/Trp) oxidation, which can be efficiently assessed
by forced oxidation studies.''” Light oxidation can oxidize both
sensitive Met and Trp residues, whereas commonly used chemical

oxidants tert-butyl hydrogen peroxide and azobis (2-amidinopro-
pane) dihydrochloride tend to be specific to Met and Trp residues,
respectively.'°>''® If oxidation is shown to be quite extensive,
corrective engineering may be attempted, but usually exposed
CDR Trp residues are more difficult to correct and maintain
bioactivity."'” Unlike deamidation, oxidation risk can be mitigated
more easily via formulation efforts using antioxidants such as
ethylenediaminetetraacetic acid, which chelate metal oxidizing
agents leeched from process or drug container components, and
methionine as a competing peroxide scavenger.''® Additionally,
amber or UV-protecting glass vials can be used to further protect
the liquid drug product from light oxidation.'"” While Met/Trp
oxidation is a CQA that warrants proper mitigation and correc-
tion attempts should be made as necessary, there are successful
commercial products on the market with reactive CDR Met
oxidation without antioxidants present in the approved
formulation.'*’

Early CMC development
Formulation development

After a nominated lead is well understood in terms of mole-
cular properties and potentially significant liabilities, a more
complete formulation development assessment should be per-
formed. This is typically at the discovery and early CMC inter-
face prior to IND application submission and manufacture and
fill-finish efforts. Formulation development activities include
optimizing formulation pH, polysorbate/surfactant type and
concentration, and evaluating different stresses such as agita-
tion and freeze/thaw in a relevant product presentation.'”” In
addition, previous developability work, particularly stability
and forced degradation assessments, can be confirmed.
When considering formulation optimization approaches, pre-
vious forced degradation assessments that elucidate pH-
dependent behavior can also help determine if changing the
formulation to reduce one liability may potentiate an addi-
tional unwanted liability, such as aggregation or clipping. For
example, lowering the formulation pH to increase colloidal
stability and reduce self-association may also promote aggre-
gation, clipping, or Asp (D) isomerization.'?! Similarly, raising
the pH may promote additional liabilities such as
N-deamidation. In Figure 3, this concept is diagrammed for
various potential liabilities versus pH. Important antibody
properties such as conformational and colloidal stability,
along with liabilities such as aggregation, clipping, and deami-
dation are shown as increasing propensity or risk versus solu-
tion pH. However, it should be noted that these phenomena
are still antibody-dependent, where certain liabilities may not
be significant or exist at all, particularly in the variable
domains. Therefore, a final formulation should aim to balance
stabilization of the various molecular properties and liabilities
for the molecule in question.

If developability risks are too great or potentially unma-
nageable even in an optimized liquid formulation, lyophiliza-
tion can be used to stabilize the molecule in the drug product
form,'** but additional processing and steps during adminis-
tration/reconstitution are then required.'* If long-term sto-
rage stability is a concern, a frozen liquid presentation in vials
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Figure 3. Diagram depicting potential liabilities and their propensity to occur
versus solution pH. Arrows depict the direction of increasing propensity for each
attribute.

can be considered in early development, pending additional
formulation improvement or optimization by Phase 3 process
and formulation lock.'** However, additional freeze-thaw
cycles can result in unwanted complications such as molecular
denaturation and container closure integrity issues.”’

Overall, a refrigerated liquid formulation is the most
straightforward and versatile presentation in clinical develop-
ment. A number of factors support this: 1) only one presenta-
tion requires evaluation, 2) an additional lyophilization or
freezing process is not required, 3) reconstitution or thawing
during administration is not required, and 4) a liquid form is
easily amenable to vial and pre-filled syringe container clo-
sures. However, the therapeutic antibody may be susceptible to
in-process, in-storage, and in vivo degradation in the liquid
state. Therefore, prior to lead selection, it is paramount to
understand the physicochemical behavior of the therapeutic
antibody in solution and under different conditions that
mimic process, formulation, and physiological-like conditions.

Analytical development

Analytical method development and the qualification of CMC
release and stability assays to evaluate CQAs is another key
area of deliverables after a final lead is selected. Often, analy-
tical methods used in Discovery can be leveraged into early
CMC evaluation and qualification since they are typically plat-
form driven.'*> Examples include SE-HPLC and c¢SDS, where
some modifications or optimization may be needed, but com-
mon separation columns, mobile phases, sample prep proce-
dures, and capillaries can be leveraged. Later in CMC
development, more is understood in terms of impurity identi-
fication and method validation.'*® However, as a lead is
selected prior to CMC Development, assumptions are made
regarding how analytical methods can detect and quantify
impurities and/or heterogeneity. Fortunately, the analytical
methods used to evaluate CQAs can sufficiently detect and
quantify aggregation, clipping, pl and charge heterogeneity
across various therapeutic antibodies, often without extensive
optimization or customization.'*® Furthermore, a thorough
Discovery-stage developability assessment should evaluate
other molecular properties such as Tm, hydrophobicity, and
self-interaction, so that a therapeutic’s molecular properties
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are well understood and therefore downstream development
risks are more clear.

Process development

Another key deliverable for large-molecule biologics is stable
cell line development (CLD). This can follow final lead selec-
tion from thoroughly characterized and transiently expressed
candidates, where stable CLD aims to optimize titer expression
while maintaining desirable purity attributes and not introdu-
cing new liabilities. In doing so, stable cell lines are developed
and selected single clones, typically derived from CHO-K1 or
CHO-S, are optimized for cell growth and viability to result in
antibody product of high quality and titer."*” CLD activities
can begin earlier on multiple lead candidates at risk to shorten
timelines during the final stage of lead selection, particularly
up to the stage of cell-line generation of stable pools, and
advances in specific gene transposase targeting may further
accelerate stable clone selection.'”® Later in the CLD stable
clone selection process, efforts should localize on a final lead
candidate. This approach of evaluating multiple lead candi-
dates for stable CLD production has particular advantages for
multispecific antibodies, where subunit stoichiometry and cor-
rect assembly can be optimized beyond transient expression
efforts.'*® While transient expression of multispecific variants
followed by purity characterization may select for variants with
improved assembly and reduced formation of common impu-
rities such as homodimer or half-molecule formation, stable
CLD may improve upon this or be entirely relied upon to
assemble the desired product at reasonable titers and purity
to facilitate downstream processing efforts. For instance,
Wang and coworkers demonstrated improved bispecific
expression with reduced homodimer impurities through stable
cell-line generation and selection of optimal clones.'* Such
high-quality expression reduces the burden and risk to down-
stream purification and fill/finish activities to produce
a product of acceptable yield and purity. Moreover, core Fc
N-glycosylation heterogeneity is typically defined by cell-line
expression parameters and conditions."*® Stable CLD can con-
firm if this is controlled and of desirable heterogeneity, but also
determine if molecular variants affect this heterogeneity if
CLD is applied to them prior to final lead selection, especially
for Fc-engineered variants."'

While lead candidates surveyed for basic molecular proper-
ties usually only need affinity purification, final leads that are
evaluated by definitive storage stability and forced degradation
studies should be purified by a complete purification process
analogous to manufacture.'** As aforementioned, this would
include ProA affinity, low pH hold, AEX flow through and
CEX bind and elute processes.”* These purification steps
should purify the molecule of interest to high purity and
acceptable heterogeneity. The low pH hold step, typically per-
formed at pH 3.5-4.0, primarily inactivates endogenous and
adventitious viruses, but also may cause antibody clipping or
aggregation.””'** Alternatively, viral inactivation can be per-
formed using detergents if the molecule is unstable at low
pH."** The AEX flowthrough step primarily removes nega-
tively charged molecules such as HCPs, DNA, and RNA that
basic purity characterization assays (such as SE-UPLC and
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cSDS) are not sensitive to.">> The CEX step aims to fully polish
the molecule of interest and further remove aggregates, mis-
assembled or fragmented molecules, or undesirable heteroge-
neity  including excess glycosylation or charge
heterogeneity.>> The selection of CEX resin for purification
of a particular antibody is usually empirical, but a default or
platform approach is advisable until further optimization is
needed."*® To formulate drug substance, ultrafiltration/diafil-
tration (UF/DF) is a key activity, where the molecule of interest
is buffer-exchanged and concentrated to a desired formula-
tion, usually prior to polysorbate addition."”” During develop-
ability and early development efforts, product quality
attributes focus on bulk purity characteristics defined by assays
such as SE-HPLC/UPLC, cSDS, cIEF, and particle analyses,
particularly when deciding on a lead molecule or formulation.
However, to supply material for animal studies, good labora-
tory practice toxicology studies and subsequent clinical stu-
dies, which require drug produced under good manufacturing
practice conditions, other in-process and release analyses to
evaluate potential contaminants are critical, such as CHO
DNA levels, bioburden and endotoxin.'*®

The four developability properties

The four major properties that affect all developability out-
comes are conformational, colloidal, chemical, and other
interactions.'>****"** Many attributes, such as aggregation,
are clearly understood to be primarily driven by unfolding
and are therefore categorized in the “conformational” cate-
gory. Other developability outcomes are not as obvious or
trivial to categorize. Other issues, such as problematic mechan-
ical issues in manufacture or excipient quality issues, can affect
development outcomes, but are herein not considered devel-
opability issues per se if they are independent of the therapeu-
tic molecule. Problematic interactions between the therapeutic
molecule and excipients or drug product containers are mole-
cular developability issues, as they relate to the inherent prop-
erties of a molecule. For example, a molecule may have process
failures during filtering or UF/DF operations due to high
viscosity caused by self-association. In Table 3, we have sum-
marized many common developability and/or CQAs that
affect lead selection and CMC development, as well as poten-
tially safety and efficacy, and categorized each attribute into

one or more of the four major categories. Examples of key
criteria to ensure successful developability outcomes are also
included. It should be noted that while each category can be
independently described, they are not wholly independent, as
one property may affect another. For instance, chemical dea-
midation and/or oxidation may arise in conformational
instability or aggregation, and vice versa.'*

Conformational stability

Conformational stability attributes can influence aggregation
rates, temperature-dependent unfolding by DSC (or Tm), che-
mical denaturation propensity, and insoluble particle
formation."*' CMC stability and release analytical assays such
as SEC and sub-visible particle analyses clearly evaluate soluble
and insoluble aggregation, respectively, which are mainly dri-
ven by protein unfolding, although they can also be influenced
by other factors such as native surface electrostatics and
hydrophobicity."**"'** Aggregation usually results from
a mixture of covalent and non-covalent associations between
partially unfolded molecules and is pH, temperature, and
concentration dependent.'*> If problematic, the nature of
aggregation can be further explored by circular dichroism or
Fourier transform infrared spectroscopy to evaluate changes in
secondary and tertiary structure upon denaturation or
unfolding.'*® Further, reversibility of unfolding can be ana-
lyzed by DSC to gauge how reversible aggregation may be in
formulation.'*” Conformational stability can also affect many
other outcomes aside from aggregation and temperature-
dependent unfolding. For example, poor expression or purifi-
cation yield could be due to incomplete folding upon expres-
sion or unfolding in various pH or ionic strength
environments encountered during purification,*>!?>148149
The presence of highly conformational states can lead to
increased heterogeneity determined by various methods such
as HIC."" Soluble aggregates and insoluble particles formed
by partially unfolded antibodies present not only CQA issues,
but also immunogenicity risks.!>!  Post-administration,
a poorly folded or conformationally diverse molecule can
lead to increased immunogenicity and/or poor PK/bioavail-
ability, as a combinatorial array of surfaces displayed in the
unfolded/aggregated state can trigger immune responses or
simply be cleared quickly.'*!

Table 3. The four major developability properties of large-molecule antibody therapeutics tabulated along with the attributes they impact and examples of key criteria

to be considered.

Property Relevant Attributes

Examples of Key Developability Criteria

Conformational and
physical stability
(Unfolding/refolding)

Chemical characteristics
(liabilities, properties)

hydrophobicity, surface characteristics, etc.

Colloidal stability (Self-
association)

injectability, solubility

Other interactions

cleavage

Initial aggregation (during expression), Aggregation propensity,
particle formation (insoluble aggregates), Tm/Tm onset/Tagg

All chemical liabilities (N-deamidation, D-isomerization, M/
W-oxidation, N-glycosylation, etc.), clipping or fragmentation, pl,

Viscosity and self-interaction parameters (kDy, DLS, AC-SINS, second
virial, zeta potential), processability (filtration, pumping),

Process, formulation, and container closure interactions;
immunogenicity, polyspecificity, biomatrix stability, chaperone
assembly and ER secretion (expression), incomplete leader

Low initial (or release) aggregation and good accelerated
storage stability, Tm onset>50C, low particle levels>*

Desire low or acceptable initial levels, acceptable increases on
forced degradation/accelerated stability, behavior at
physiological pH/Temp

Ideally 5-10 cp at 100 mg/ml, no more than 15¢cP for final target
formulation; kDyg (DLS) —15 mL/g or higher is preferred)®*

No significant expression or process-related impurities, well
behaved drug product, acceptable hydrophobicity, favorable
polyspecificity, PK, bioavailability




Chemical stability/characteristics

Chemical stability is affected by post-translational modifica-
tions (PTMs). Asn deamidation and Met/Trp oxidation are
two of the most common PTM that affect quality and func-
tional attributes, as discussed above. Typically, location, sol-
vent accessibility and local main chain conformation and/or
flexibility govern inherent molecular reactivity.'>* These mod-
ifications and others are assessed site-specifically by MS, but
other methods such as reverse phase (RP)-HPLC or HIC may
be useful to monitor abnormal changes in oxidation and like-
wise, cIEF to monitor deamidation.'*'*> Many other modifi-
cations exist, such as pyro-glutamate formation, non-
enzymatic lysine glycation, Asp isomerization, main-chain
clipping or fragmentation, and disulfide reduction and
scrambling.'® Other modifications, such as Asn glycosylation,
are enzymatic and driven both by expression conditions and
the inherent molecular sequence and structural properties.'>*

CQAs include many chemical modifications, notably Asn
deamidation, Met/Trp oxidation, and Asp isomerization, that
are essential to monitor and control for successful CMC devel-
opment because they also can affect activity, safety and
efficacy.'® In one recent study,'”® Asp isomerization of
a mAb was correlated with increased immunogenicity.
Further, antibody Met oxidation has been shown to negatively
impact half-life in vivo by affecting binding to FcRn
receptors.'”” Therapeutic antibody N-deamidation in the
CDR region has been shown to affect target binding orders
of magnitud‘:‘:113 and conserved Fc deamidation (at N325) has
been shown to affect antibody-dependent cell-mediated cyto-
toxicity by reducing FcyRIITa binding.® This category also
includes attributes defined by surface characteristics, such as
pl and hydrophobicity, although both properties can lead to
other undesirable outcomes, notably aggregation, self-
interaction, or nonspecific interactions.”>**>

Colloidal stability

Colloidal stability refers to a molecule’s ability to non-
covalently self-associate and form “colloids”, or larger com-
plexes, that affect bulk solution rheology and viscosity.'®
Here, we distinguish self-interaction from aggregation, as the
latter is composed of a complex network of (partially or fully)
unfolded molecules.*’ Like self-interaction, aggregation can be
reversible, but it is predominantly irreversible, particularly in
higher order aggregates.”® Therefore, aggregates are long-lived
and can be evaluated by chromatographic techniques such as
size-exclusion chromatography, analytical ultracentrifugation
or even field-flow fractionation.''®

In the case of self-interaction or self-association, folded,
native molecules bind reversibly in a highly transient and con-
centration-dependent fashion that cannot be directly examined
by chromatographic techniques using analytical sample
amounts at dilute concentrations.'®" Particularly in bivalent
antibodies, self-association can lead to large oligomeric com-
plexes at higher formulation concentrations.”>’*'** Because
bivalency enhances antibody oligomerization that leads to
higher viscosity, it should be noted that self-interaction risks
can change when formatting to multispecific antibodies, where
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Fab valency is likely to change.''” Moreover, antibody self-

interaction leading to decreased stability and solubility has
been reported,'®® and even phase separation and gelation'®*'®>
can occur as a result. In one report, removal of a hydrophobic
surface spanning both the HC-CDR1 and HC-CDR2 corrected
self-interaction in vitro and improved serum half-life and non-
specific tissue binding, implying that a high propensity to self-
interact may also correlate with nonspecific interactions with
other molecules via the same interface.'*® Since self-interaction
is typically mediated by CDR residues in at least one of the
interacting molecules, which also mediate target binding, self-
interaction may be difficult to correct via engineering or muta-
genesis while maintaining desirable activity."'” Additionally, it
may be difficult to predict structurally how two molecules will
self-interact or self-bind. Recently, via both crystallographic and
modeling efforts, antibodies have been shown to self-interact in
a symmetrical “face-to-face” fashion mediated by the CDR
apparatus.''”'®” Other reports have demonstrated Fab-Fc self-
interactions, which can be mitigated by IgG1/IgG4 isotype
switching.'*® Notably, formulation excipients and modulation
of formulation pH have been shown to reduce viscosity by
reducing protein-protein interactions in several instances.”*'*
Heavy-chain dimer formation, which is driven by the unique
self-interaction of the heavy chains during expression, has also
been recently reported as a developability issue.”"

Other interactions

Other interactions include those involving the therapeutic
molecule that can affect the process, drug product or in vivo
behavior. Examples include interactions between the therapeu-
tic molecule and process components, formulation excipients,
the drug product container, and interactions with expression
HCPs and biomolecules in vivo. '”° The therapeutic molecule
of interest may unfavorably interact with or adsorb to process
components such as process pumps’ 7" and filters,'”* or help
promote leaching of metals such as iron, chromium, copper,
and nickel from stainless steel, which may lead to product
oxidation and instability.'”? Other common interactions may
be with analytical column resins, such as size-exclusion HPLC,
which may complicate direct analysis of CQAs.'”* The ther-
apeutic molecule may also interact unfavorably with formula-
tion excipients, most notably polysorbates, which can lead to
instability, such as the formation of aggregates or oxidative
degradation.'”” Interestingly, enzymatic HCPs, presumably
surviving purification removal through interactions with the
therapeutic antibody, have been reported to degrade polysor-
bate, which in turn led to antibody stability and particle
issues.'’® If not removed during purification, enzymatic or
proteolytic HCPs also can directly degrade the antibody of
interest, in addition to presenting a general immunogenicity
risk."”” Other contamination risks such as lipopolysaccharide
endotoxins may survive removal through interactions with the
antibody of interest."”® Antibody interactions with the drug
product container, specifically with vial rubber stoppers or
syringe stopper silicone coatings, can lead to particle forma-
tion, often in combination with foreign particles or silicone oil
droplets, although formulation is a major driver for these
phenomena.'””'® Antibody interactions or adsorption can
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occur during product administration with various ancillaries
such as IV bags or pumping devices.'®'

Following administration, the target molecule may interact
with various biomolecules specifically or nonspecifically, poten-
tially leading to poor PK, bioavailability and efficacy.”>'** One
example includes removing charge “patchiness” on an IgG1 and
IgG4 antibody without affecting pI, resulting in improved half-
life and distribution in mice, which correlated to reduced non-
specific binding in vitro (to CHO cells and heparin).'®* Other
examples exist where highly specific interactions with other
biomolecules led to negative clinical outcomes, such as the
strong binding interaction between an anti-programmed cell
death protein 1 (PD-1 camrelizumab with vascular endothelial
growth factor receptor 2 (VEGFR2) and two other molecules,
leading to potent VEGFR2 agonism and hemangioma.*® It
should be noted that other anti-PD-1 therapies, such as nivolu-
mab and pembrolizumab, do not result in VEGFR2 agonism,
and therefore this side effect was unique to the nonspecific
(agonistic) effects of camrelizumab.*®

While many of these unwanted interactions are empirically
determined and nearly impossible to completely forecast in the
discovery stage, various analytical methods have been recently
developed that may help predict their likelihood of occurrence.
The baculovirus particle assay (BvP) assesses nonspecific bind-
ing to a pool of various proteins by ELISA or flow cytometry
and has been correlated to clearance rates in humans.'®> The
PSR assay is a similar approach using CHO membrane extracts
to evaluate nonspecific binding to a molecule of interest and
has been correlated to other assays used to predict non-
specificity.'®* Heparin chromatography has been used to cor-
relate in vitro retention times to antibody clearance rates in
mice and physiological models.'*>'*® In a study by Jain and
coworkers,'” developability flags associated with these predic-
tive non-specificity assays decrease for therapeutic antibodies
further along in development. The correlation to advanced
clinical stages indicates these non-specificity assays may pre-
dict in vivo interactions that affect clinical endpoints such as
safety and efficacy. This appears to introduce an emerging
trend to evaluate complex nonspecific interactions at the pre-
IND stage to increase the probability of success in the clinic.
Developability has long been known to be especially useful to
predict CMC development outcomes and manufacturing suc-
cess. However, since no literature references cite CMC failures
as the direct reason for clinical failures, it was generally
thought that clinical outcomes could not be predicted by
developability assessments. However, the incorporation of
non-specificity into developability assessments and their
recent correlation to clinical success suggests otherwise. In
hindsight, the correlation of improved polyspecificity as
a developability attribute with clinical advancement implies
that clinical failures may have previously arisen from substan-
dard developability attributes.

Other more commonly used characterization tools, such as
HIC, can assess hydrophobicity, which is commonly associated
with nonspecific binding and overall “stickiness”.'” Other meth-
ods reported to assess potential nonspecific interactions are CIC
and standup monolayer adsorption chromatography.'®”'*® If

assays recently shown to be predictive of nonspecific interactions
have not been implemented into a developability workflow, stan-
dard process and analytical approaches may offer clues. For
example, the therapeutic molecule may bind nonspecifically to
purification and analytical resins or possess high surface hydro-
phobicity revealed computationally or experimentally by HIC.**
This information can then be considered when deciding a lead.

Advancement of in silico computational tools
Predictive computation

In recent years, the use of in silico tools is increasingly more
common to predict antibody developability and quality
attributes.'®® Often, these are based on sequences and/or
structure-derived parameters to screen and/or funnel initial
hits or candidates into more promising leads. Correlations to
developability ~attributes such as aggregation,'’*™'"?
viscosity,”> chemical instability,'”> and PK clearance'** have
been made using antibody homology models and the assess-
ment of calculated surface properties. In essence, these
approaches can be used to computationally funnel down
hundreds of candidates to relatively smaller subsets prior to
expression, purification and characterization. To computa-
tionally predict concentration-dependent viscosity, net vari-
able domain or total antibody charge along with surface
hydrophobicity ~indices are commonly evaluated.'”
Interestingly, Tomar and coworkers predicted total antibody
viscosity curves for 16 mAbs from hydrophobic and electro-
static parameters obtained from full-length homology
models.'”® They found the greatest statistical significance
with respect to total variable heavy (VH) and variable light
(VL) charge, hydrophobic surface area, zeta potential and
surprisingly, aggregation propensity by WALTZ. In a study
of 60 IgGl mAbs, molecular dynamics simulations of anti-
body homology models correlated viscosity with hydropho-
bicity, net charge, and charge distribution.'"”” Further, fast
in vivo clearance was associated with highly charged and/or
hydrophobic CDRs. In this same study, molecular dynamic
simulation outputs such as solvent accessibility of potential
reactive residues also correlated to experimental tryptophan
oxidation and aspartic acid isomerization rates. Notably,
a study of over 100 clinical stage antibody therapeutics
demonstrated that average HC-CDR3 lengths were lower
compared to thousands of preclinical antibody sequences
evaluated, suggesting that shorter lengths are selected moving
from preclinical stages to the clinic because they lead to
improved developability outcomes.'”® In the same study,
similar findings were reported for hydrophobic patchiness
metrics with respect to CDR regions. Many web-based tools
using structure-based calculations of surface behavior to pre-
dict protein stability or developability profiles are available,
such as Therapeutic Antibody Profiler (TAP),'*® SAP (Spatial
Aggregation Propensity) for aggregation,””'®! Abpred (The
Antibody Prediction Database) for hydrophobicity,'”® and
SAbPred (The Structural Antibody Prediction Database),
which includes tools for modeling, annotation, humanization



and developability prediction.”®® To date, there are a plethora
of examples where in silico models have successfully pre-
dicted experimental outcomes for aggregation, viscosity, che-
mical stability, and in vivo behavior of large sets of
antibodies.

Machine learning and artificial intelligence

Expanding upon this is the use of machine learning (ML) and
artificial intelligence (AI) to predict developability properties,
such as viscosity and aggregation propensity.”*"*** Sequences,
structures and molecular dynamics have been used to train
machine learning algorithms, which then attempt to predict
molecular properties.””> Recent examples include the use of
ML to predict affinity and specificity,”* deamidation,”®
methionine oxidation,”’® hydrophobicity,' and viscosity.
Recently, AI has been explored to reveal optimal antibody
and protein formulations by predicting protein-solvent
interactions.”®® In terms of protein structure prediction,
AlphaFold and AlphaFold2 have been recently launched com-
mercially to predict protein structures and even their
complexes.”*”*'° ABlooper (Antibody “Looper”) was devel-
oped as a deep learning tool to readily predict CDR structures
from antibody sequences.”’’ While their use may not be wide-
spread in the pharmaceutical industry, the emergence of Al/
ML may become routine as part of initial in silico efforts to
screen and assess molecular properties and interactions prior
to any experimental efforts.
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Conclusions

Developability of antibody and protein therapeutics is a critical
activity to drive and advance the optimization and selection of
lead candidates into IND enabling and clinical studies. Proper
and thorough developability studies not only examine poten-
tial CQAs that will represent the fitness of the process and drug
product, but also elucidate the molecular properties that may
affect post-administration safety and efficacy and ultimately
clinical success. Recent advances in in silico computational
approaches and the evaluation of non-specificity have also
helped to streamline and enable more informative develop-
ability assessments. We propose these four major properties of
large-molecule antibody and protein therapeutics as those that
affect all developability outcomes: 1) conformational, 2) col-
loidal, 3) chemical, and 4) other interactions. A complete
examination of these properties and their risks during discov-
ery-stage developability and early development activities offers
the best likelihood that robust and quality lead candidates are
promoted and potential CMC and clinical development risks
are manageable.
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